Rationale Evidence from animal and human studies suggests that opiate drugs decrease emotional responses to negative stimuli and increase responses to positive stimuli. Such emotional effects may motivate misuse of oxycodone (OXY), a widely abused opiate. Yet, we know little about how OXY affects neural circuits underlying emotional processing in humans.
Introduction
Non-medical abuse of prescription opioids is a significant public health problem, with total societal costs estimated at $55.7 billion per year in the USA (Birnbaum et al. 2011) . Reported motives for misuse include pain relief, feelings of well-being or pleasure (i.e., a drug "high"), and reducing negative affect or anxiety (McCabe et al. 2013) . People who report misusing opiates for non-pain-relief reasons (e.g., to get high and to relieve anxiety) are at greater risk for developing opiate use problems (McCabe et al. 2007 ). Further, individuals with preexisting mood disorders are at higher risk for opiate abuse and dependence, suggesting that relief of negative affect may contribute to opioid drug misuse (Martins et al. 2012 ). Yet, we know comparatively little about how opioid drugs alter emotional responses in humans or how they affect neural circuits underlying emotional processing. Here, we examined the effects of oxycodone (OXY), a widely abused prescription opioid, on brain activity in response to emotional stimuli in healthy adults. The brain's "emotional network" is rich in opioidergic receptors, and opiate drugs affect activity in various network structures. The emotional network includes the amygdala, which reacts more strongly to negative stimuli; the ventral striatum (VS), which reacts mainly to positive stimuli; and the insula, anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), and medial prefrontal cortex (MPFC), which are active when processing emotional stimuli regardless of valence (Phan et al. 2002) . Of the four types of opiate receptors identified, the mu type is most extensively studied, and mu receptors are heavily represented in amygdala, VS, and ACC (Mansour et al. 1988; Pilapil et al. 1986 ). Consistent with this anatomical localization, mu agonist opiates alter resting brain activity in amygdala, VS, insula, ACC, OFC, and MPFC (Becerra et al. 2006 ; Leppä et al. 2006; Wagner et al. 2001) . Imaging of the analgesic effects of mu opiates during pain shows decreased amygdala and insula activity and increased ACC activity (Adler et al. 1997; Petrovic et al. 2002; Upadhyay et al. 2012; Wagner et al. 2007; Wise et al. 2002) . Indeed, some researchers have suggested that opiates are particularly effective in modulating areas implicated in "emotional" aspects of pain, while having less impact on primary somatasensory areas (Oertel et al. 2008 ). This evidence that opiate drugs alter neural activity in the emotional network supports the idea that some individuals may misuse opioids to modulate emotional experiences.
In addition to the imaging evidence, several lines of behavioral evidence support the idea that opiates alter processing of emotional stimuli. In inexperienced users, opiates do not consistently produce direct positive mood effects (i.e., euphoria; Walker and Zacny 1998; Walker and Zacny 1999; Zacny and Gutierrez 2003; Zacny et al. 1994; Zacny et al. 1992 ). However, opiates may nevertheless alter responses to "incoming" emotional stimuli in two key ways: by reducing responses to negative emotional stimuli or by increasing responses to positive emotional stimuli. In several species of animals, opiates reduce signs of separation distress from social isolation (Kalin et al. 1988; Panksepp et al. 1981) . Although there is less literature on the effects of opiates on emotional responses in humans, one study found that the opioid agonist buprenorphine reduced recognition of fear expressions, suggesting blunted sensitivity to negative stimuli (Ipser et al. 2013) . Conversely, blocking opioid function with naltrexone increases both neural and behavioral responses to a negative event in humans . On the other hand, opiates may increase pleasurable responses to positive stimuli. In laboratory animals, there is an extensive literature linking opioidergic functioning to expressions of pleasure when receiving a reward (Berridge et al. 2009 ). In humans, the opioid agonist reminfentanil increases ratings of pleasantness for neutral emotional pictures (Gospic et al. 2008) , while blocking opioidergic function with naltrexone reduces behavioral and neural responsiveness to monetary and social rewards Schweiger et al. 2013) . In summary, opioid analgesics may alter emotional processing by decreasing responses to negative stimuli and increasing responses to positive stimuli.
Despite this suggestive imaging and behavioral data, there has been no previous examination of the effect of opioid analgesics on neural responses to positive and negative emotional stimuli. Here, we examined the effects of oxycodone (OXY) on behavioral and neural responses to emotional stimuli in healthy adults. We chose OXY because it is widely abused and an urgent public health concern (Compton and Volkow 2006) and because, to our knowledge, there have been no previous studies investigating the effect of OXY on brain activity. Similar to morphine and other opiates, OXY is thought to function primarily as a mu opioid agonist (Beardsley et al. 2004) , although some researchers have suggested that its effects may also be mediated by kappa opioid mechanisms (Ross and Smith 1997) .
We had primary and secondary a priori hypotheses that certain brain areas would be affected by OXY during emotional processing. Our primary focus was on the amygdala and VS. We predicted that OXY would decrease amygdala activity in response to negative pictures and angry/fearful faces, relative to neutral or positive stimuli, and that this effect would be accompanied by a decrease in negative ratings of negative pictures and decreased recognition of negative faces. We further predicted that OXY would increase activation of the VS in response to positive pictures and happy faces relative to neutral and negative stimuli and that this effect would be accompanied by an increase in positive ratings of positive pictures and better recognition of happy faces. Secondarily, we examined on an exploratory basis the effects of OXY on the insula, ACC, OFC, and MPFC, areas of the brain associated with more general emotional arousal, rather than specific emotional valences.
Methods

Study design
The study was a three-session, within-subjects design in which healthy adults received oral placebo, 10 and 20 mg oxycodone (OXY) in counterbalanced order under doubleblind conditions. At each session, participants received a capsule (containing either placebo, 10 mg OXY, or 20 mg OXY), then completed measures of self-reported and cardiovascular drug effects, and underwent functional MRI (fMRI) scanning. During scanning, participants completed two standard tasks designed to probe emotional responses: (1) The Emotional Pictures Task, in which they viewed and rated emotional pictures, and (2) The Emotional Faces Matching Task, in which they matched emotional faces. Participants also completed a control task that examined simple visual-motor activity. Sessions were separated by a minimum of 7 days (M=8.56, SD=2.93).
Participants
Healthy right-handed adults (N=17, 7 females, 10 males) were recruited using flyers and referrals from previous participants. At an initial screening interview, prospective participants completed a Structured Clinical Interview for DSM-IV (First et al. 1996) , medical screening, and self-report questionnaires of health and drug use history. Inclusion criteria were the following: no lifetime Axis I or II psychiatric disorder, no history of substance abuse/dependence (including nicotine dependence), no current use of psychoactive prescription medications, no history of major medical or neurological illness, and no medical contraindications for MRI, and for women, not pregnant or planning a pregnancy. We did not exclude on smoking per se, but no participants reported smoking in the past 30 days, and none reported being "exsmokers." Participants were instructed to fast for at least 12 h before each session, to consume only clear liquids for at least 2 h before each session, and not to ingest any drugs other than usual amounts of caffeine for 24 h before the study. Compliance was verified using urine drug screens prior to each session. To minimize expectancies, participants were told that they might receive a stimulant, a sedative, an opioid, a cannabinoid, or a placebo. All participants provided written informed consent, and all procedures were approved by the University of Michigan Institutional Review Board.
Subjective measures
We used several standardized questionnaires to measure the subjective effects of OXY. These consisted of (1) Chait et al. 1985; Martin et al. 1971 ), a 49-item true/false scale with six subscales that measures prototypical subjective effects of several drug classes; (4) the Drug Effects Questionnaire (DEQ; Fischman and Foltin 1991), on which participants mark how much they like/dislike the drug's effects, feel the drug's effects, feel high, and want more of the drug, on Likert scales ranging from 0 to 4, except like/dislike, which ranged from +4 to −4; (5) a supplementary Visual Analog Scale (VAS) consisting of 20 adjectives rated on a line and scaled to a number from 0 to 100, which was designed to measure prototypical effects of OXY not captured in the other scales, such as "Dreamy" and "Nauseated."
Cardiovascular measures
We measured blood pressure and heart rate periodically throughout the study using a standard portable blood pressure cuff. We measured oxygen saturation at the same points with a Nonin 7500FO MRI compatible pulse oximeter (Nonin Medical, Plymouth, MN, USA).
FMRI tasks
We used two tasks to probe emotional brain functioning, the Emotional Pictures Task (EPT) and the Emotional Faces Matching Task (EFMT), both of which have been used extensively in pharmaco-fMRI studies (e.g., Bedi et al. 2009; Labuschagne et al. 2010; Phan et al. 2008; Rabinak et al. 2012; Sripada et al. 2011) . Additionally, we administered a simple Visual-Motor Task (VMT) designed to examine effects of OXY during non-emotional processing (e.g., Phan et al. 2008) .
EPT stimuli consisted of 270 unique images drawn from the International Affective Picture System (IAPS), a standardized and validated picture set used to evoke brief emotional responses (Lang et al. 1999) . Based on standardized ratings, pictures were classified into three valence categories: pleasant (n=90), neutral (n=90), and unpleasant (n=90). Valence categories were matched on color composition and image complexity. Stimuli were divided equally into three sets, with no stimulus repeated. Participants viewed one set at each session, and order of set presentation was randomized across participants. (See Fig. 1a for a diagram of the task.) At each session, participants viewed the set over three runs in which they viewed two 20-s blocks of each picture type per run. Each block consisted of five pictures of the same type (pleasant, neutral, unpleasant, or blank) presented for 4 s each. Blocks and pictures within blocks were presented in a fixed randomized order. In between blocks of IAPS pictures, participants viewed fixation crosses positioned on a variably shaded gray background, giving a total of 12 blocks per run. These blank pictures served as a baseline condition. To ensure alertness, participants classified each IAPS picture during the 4-s viewing period using a button press (1=unpleasant, 2=neutral, 3= pleasant). During the blank blocks, participants classified the shade of the gray background by button press (1=light, 2= medium, 3=dark). Following scanning, during the 120-180-min interval postdrug, participants reviewed the emotional stimuli seen in the scanner and subjectively rated the valence (1, most unpleasant-9, most pleasant) and arousal (1, least arousing-9, extremely arousing) of each image.
EFMT stimuli consisted of photographs from a validated set of face stimuli (Gur et al. 2002) previously used in a number of pharmaco-fMRI studies (Bedi et al. 2009; Labuschagne et al. 2010; Phan et al. 2008; Sripada et al. 2011) . (See Fig. 1b for a diagram of the task.) On each trial, participants viewed a triangular arrangement of faces and selected the one of two faces on the bottom that expressed the same emotion as the target face on the top. The identity of all three faces was always different, and male and female faces were equally represented. Target faces displayed one of three expressions (fearful, angry, or happy), while the probe faces on the bottom always consisted of one matching expression and one neutral expression. Twenty-second blocks in which participants matched emotional expressions were interspersed with 20-s blocks in which they matched shapes, which served as a control condition. At each session, participants completed two runs, each containing 3 blocks of matching for each face type (angry, fearful, happy), interspersed with shape matching blocks, giving a total of 18 blocks per run.
The VMT task consisted of alternating 20-s blocks in which participants saw a flashing checkerboard while pressing a single button every second or saw a white fixation cross on a black screen while remaining still. At each session, participants completed two runs, and in each run, they saw three visual-motor blocks interspersed with four fixation blocks for a total of seven blocks.
Brain image acquisition and preprocessing
Scanning was performed with blood-oxygenation-leveldependent (BOLD)-sensitive whole-brain fMRI on a 3.0 Tesla GE Signa System (General Electric) using a standard radiofrequency coil and associated software. Whole-brain functional scans were acquired using a T2*-weighted reverse spiral sequence (30-ms echo time (TE), 2-s repetition time (TR), 90°f lip, 22-cm field of view (FOV), 64×64 matrix, 43 contiguous 3-mm axial slices aligned with the anterior commissureposterior commissure line). A high-resolution T1 scan (3D-SPGR; 1.8-ms TE, 9-ms TR, 15°flip, 25.6-cm FOV, 256× 256 matrix, 124 1.2-mm axial slices) was also acquired for anatomical localization.
Two participants failed to complete all three scans due to scanner issues, and data from one participant did not meet criteria for quality and scan stability (<2.5-mm displacement, <1.5°of rotation), resulting in a final N=14 in all fMRI analyses. Preprocessing was completed in Statistical Parametric Mapping 8 software (SPM8, Wellcome Trust Centre for Neuroimaging, London, UK). The first four volumes in each run were discarded to allow for T1 equilibration effects. Preprocessing consisted of slice time correction, spatial realignment, normalization to the Montreal Neurologic Institute template through use of non-linear warping algorithm, spatial smoothing with a Gaussian 8-mm full-widthhalf-maximum kernel and high-pass temporal filtering with a cutoff of 128 s.
Procedure
Sessions were conducted from 9 a.m. to 5 p.m. After pregnancy and recent drug use tests, subjects first completed baseline measures of subjective mood and drug effects (POMS, STAI, ARCI, DEQ, and VAS) and cardiovascular measures (blood pressure, heart rate, and oxygen saturation). Participants then ingested an opaque gel capsule containing 10 or 20 mg oxycodone HCL (Purdue Pharma, Stamford, CT) with dextrose filler or placebo capsule containing only dextrose. All capsules were administered to subjects under double-blind conditions, with administration order randomized.
Participants remained in a waiting room, completing subjective and cardiovascular measures at 30 and 60 min. After the 60-min assessment, participants entered the scanner. We expected subjective drug ratings to peak at 90 min, so this placed the peak effects during scanning (Zacny and Gutierrez 2003) . During the scan, participants completed the emotional tasks in counterbalanced order, followed by the visual-motor task and a 5-min resting scan during which subjects were instructed to lie still with their eyes open, focus on a fixation cross, and not think of anything in particular. After exiting the scanner at 120 min, participants again completed subjective and cardiovascular measures and the detailed ratings of the IAPS pictures, as described above. Subjective and cardiovascular measures were repeated at 180 and 240 min, after which time participants were cleared to leave the laboratory. After completing all three sessions, participants were debriefed and informed of the contents of the capsules.
Statistical analyses
Subjective, cardiovascular, and behavioral data were analyzed using within-subjects ANOVA in SPSS. fMRI data were analyzed using the general linear model as implemented in SPM8. In first-level analyses, regressors representing each condition type (EPT=pleasant, neutral, unpleasant, and blank; EFMT=angry, fearful, happy, and shapes; VMT=checker-board and fixation) were convolved with the canonical hemodynamic response function. We then constructed individual contrast maps for each participant within each drug session contrasting conditions of interest with their respective control conditions (EPT=pleasant vs blank, neutral vs blank, and unpleasant vs blank; EFMT=angry vs shapes, fearful vs shapes, and happy vs shapes; VMT = checkerboard vs fixation).
In the second-level analysis, participants were treated as a random effect in a flexible factorial ANOVA with Emotion and Drug as within-subject factors, for the emotion tasks, or a one-way ANOVA with Drug as a within-subject factor for the VMT task (the checkerboard vs fixation contrast is contained in the contrast maps for this analysis, so there was no second independent variable). We chose flexible factorial ANOVA, which provides omnibus tests of effects, with follow-up only on significant omnibus effects, to control for the increase in type I error that might result from comparing multiple levels of our variables separately (e.g., comparing 10 mg to placebo (PL) and 20 mg to PL in separate analyses).
We first determined whether our emotion manipulations were effective in inducing activity in the emotional network by examining both an exploratory whole-brain analysis with p<0.001, uncorrected, and a 20-voxel extent-to determine whether the primary differences in activation across emotional conditions fell within emotional network areas-and conducting targeted ANOVA of activity extracted from anatomically determined regions of interest (ROIs) defining the amygdala and nucleus accumbens (NAcc, a key region within the VS, as the entire VS is difficult to anatomically define. Our accumbens ROI was based on the Harvard-Oxford structural atlas included in the FMRIB Software Library; www.fmrib. ox.ac.uk). These manipulation checks are presented in detail in Supplementary Material.
We then conducted an exploratory whole-brain analysis with p<0.001, uncorrected, and a 20-voxel extent on the Drug and Drug×Emotion interactions, to determine whether the primary observed effects of OXY fell within our a priori areas of interest and to provide unbiased information for generation of future hypotheses. If we observed effects in our primary a priori areas of interest (amygdala or NAcc) in this liberal initial analysis, we then conducted a region of interest (ROI) analysis using anatomical masks from the AAL database and Harvard-Oxford structural atlas and subjected these areas to a family-wise error (FWE) correction for multiple comparisons within the small volume correction (SVC). If we observed effects in our secondary exploratory areas of interest, parameter estimates (β weights, a.u.) were extracted from functional 5-mm spheres surrounding peak activations in regions of interest and subjected to follow-up analyses to explore the direction of the effect.
There is also the possibility of individual differences in responses to OXY, with some individuals receiving emotional "benefits" from OXY while others do not. To investigate this, we examined the correlations between OXY-induced "beneficial" changes in behavioral responses and the effects of OXY in our key a priori areas. Specifically, we examined the extent to which reductions in negative ratings for negative pictures and decreased recognition of negative faces correlated with effects of OXY on amygdala activity, and the extent to which increases in positivity ratings for positive pictures and improved recognition of positive faces correlated with NAcc activity.
Results
Subjective effects
Oxycodone produced significant subjective effects in our healthy adult volunteers. Emotional Pictures Task (EPT) As predicted, positive and negative pictures (compared to neutral) differentially activated the emotional network, indicating that this task was successful as a probe of the emotional network. Details are presented in Supplemental Materials, and we report all areas differentially activated by emotional pictures at p<0.001, uncorrected, and a 20-voxel extent, in Table 2 , under "Emotion main effect." No drug main effects or Drug×Emotion interactions were detected in either primary or secondary a priori areas. We Fig. 2 Effects of OXYon selected subjective measures across the session timeline. First panel: state scale of State-Trait Anxiety Scale (STAI-S); second panel from top: Addiction Research Center PentobarbitalChlorpromazine-Alcohol Group (ARCI PCAG), commonly used as a measure of sedative effects; third panel: Drug Effects Questionnaire (DEQ) ratings of "I feel high"; fourth panel: Visual Analog Scale (VAS) ratings of "I feel dreamy"; fifth panel: VAS ratings of "I feel nauseated"; * p<0.05 difference 20 mg versus placebo; +p<0.05 difference 10 mg versus placebo. Error bars represent standard error of the mean (SEM) report all areas differentially activated by Drug or the Drug× Emotion interaction at p<0.001, uncorrected, and a 20-voxel extent in Table 2 .
To examine the possibility that these null results might be due to lack of power, we extracted data from our amygdala and NAcc ROIs and calculated effect sizes for the effect of OXY on amygdala activity in response to negative pictures relative to neutral or positive stimuli, and on NAcc in response to positive and neutral pictures relative to negative stimuli. In the left (L) and right (R) amygdalae, means were in the correct direction for our hypothesis, showing less activity to unpleasant than neutral or pleasant pictures under 20 mg OXY versus placebo. For a single degree of freedom contrast representing linear effect of drug (PL<10 mg<20 mg) on unpleasant versus neutral and pleasant pictures, results in the L amygdala were F[1, 13]=0.11, p=0.741, d=0.09 and in the R amygdala were F[1, 13]=0.27, p=0.61, d=0.14. To detect effects of this size with p=0.05 and power of 0.80 in a one-tailed test would require between 318 and 763 participants (all power calculations used G*Power 3.1; Faul et al. 2007 ). In L and R NAcc, means were also in the correct direction, with higher activation to both pleasant and neutral pictures compared to unpleasant pictures under 20 mg OXY versus placebo. As the pattern for pleasant and neutral pictures was similar, we grouped them together for increased power. We also examined correlations between the behavioral effects of OXY on picture ratings, and activity in amygdala and NAcc. First, we constructed change scores representing the change in valence ratings for negative pictures and positive pictures from PL to 20 mg OXY and from PL to 10 mg OXY. We then constructed change scores representing the change in L and R amygdala and L and R NAcc activity from PL to 20 mg OXY and from PL to 10 mg OXY. We saw no significant relationship between change in valence ratings for negative pictures and change in amygdala activity during negative pictures at 20 mg (L amygdala r=−0.11, p=0.71; R amygdala r=−0.19, p=0.51) or at 10 mg (L amygdala r= −0.18, p=0.53; R amygdala r=0.04, p=0.89). We also saw no significant relationship between change in valence ratings for positive pictures and change in NAcc activity during positive pictures at 20 mg (L NAcc r=−0.23, p=0.43; R NAcc r= −0.31, p=0.28). There was an unexpected negative correlation between NAcc activity and ratings of positive pictures at 10 mg, but this was due to a single individual with an unusual rating pattern and was no longer significant with this individual removed (L NAcc r=−0.32, p=0.28; R NAcc r=−0.32, p=0.29).
Emotional faces matching task When we contrasted all emotional faces versus shapes (a typical manipulation check for this task, which contains no neutral face trials; e.g., Fitzgerald et al. 2006; Labuschagne et al. 2010) , the task activated emotional network areas, indicating that it successfully probed the emotional brain network. Manipulation checks are presented in Supplemental Materials, and we report all areas differentially activated by the different types of emotional pictures at p<0.001, uncorrected, and a 20-voxel extent in Table 3 , under "Emotion main effect." No drug main effect or Drug×Emotion interactions were detected in our primary a priori areas. We report all areas differentially activated by Drug or the Drug×Emotion interactions at p<0.001, uncorrected, and a 20-voxel extent in Table 3 . We did see a significant Drug×Emotion interaction in one of our secondary areas of interest, the right medial OFC (28, 50, −12). Follow-up analyses conducted on 5-mm functional spheres extracted from around this peak showed that 20 mg OXY significantly PL placebo decreased OFC activity to happy faces in the MOFC (t[13]= −2.26, p=0.04, d=0.60), without affecting responses to angry or fearful faces (see Fig. 3 ).
To examine the possibility that the null results in our primary areas of interest might be due to lack of power, we extracted data from amygdala and NAcc and calculated effect sizes for the effect of OXYon amygdala activity in response to angry and fearful faces relative to happy faces, and on NAcc activity in response to happy faces relative to neutral and negative faces. In L and R amygdala, means were in the correct direction for fear, but not anger, showing less activity under 20 mg OXY. Using a single degree of freedom contrast representing linear effect of drug (PL<10 mg<20 mg) on fearful and angry faces versus happy faces, our results in the We also examined correlations between the behavioral effects of OXY on face recognition, and activity in amygdala and NAcc. First, we constructed change scores representing the change in accuracy for angry, fearful, and happy faces from PL to 20 mg OXY and from PL to 10 mg OXY. We then constructed change scores representing the change in L and R amygdala and L and R NAcc activity from PL to 20 mg OXY and from PL to 10 mg OXY. We saw no significant relationship between change in accuracy for angry pictures and change in amygdala activity during angry pictures at 20 mg (L amygdala r=−0.09, p=0.77; R amygdala r=−0.15, p= 0.62) or at 10 mg (L amygdala r=−0.31, p=0.31; R amygdala r=−0.21, p=0.49). We saw no significant relationship between change in accuracy for fearful pictures and change in amygdala activity to fearful pictures at 20 mg (L amygdala r= −0.51, p=0.08, R amygdala r=−0.44, p=0.13) or at 10 mg (L amygdala r=−0.22, p=0.47, R amygdala r=0.19, p=0.54).
We also saw no significant relationship between change in accuracy for happy faces and change in NAcc activity during happy faces at 20 mg (L NAcc r=−0.28, p=0.35; R NAcc r= −0.40, p=0.17) or at 10 mg (L NAcc r=−0.27, p=0.36; R NAcc=−0.26, p=0.39).
Motor-visual task OXY did not alter the effect of checkerboard versus fixation trials on brain activity during the VisualMotor Task at p<0.001, uncorrected, and a 20-voxel extent.
Discussion
Contrary to our primary hypotheses, OXY did not affect activity in amygdala or NAcc during presentation of positive and negative emotional pictures and faces nor did it produce any behavioral effects on evaluation of these emotional stimuli. OXY did affect activity in OFC, one of our secondary areas of interest, decreasing activity during happy faces (although not positive pictures). Our well-validated emotional tasks verifiably activated emotional network structures, and OXY produced clear subjective effects that were present before and after the scanning procedure. We did not see a relationship between the extent of "beneficial" changes in behavioral responses to emotional stimuli and OXY effects in our two a priori areas, the amygdala and the NAcc. Taken together, OXY produced a mixed profile of subjective drug effects, some of which might be considered pleasant (feeling high, feeling dreamy) and others unpleasant (feeling anxious, feeling nauseated). It did not increase feelings of elation in our healthy adults. These apparent contradictory effects (e.g., feeling both dreamy and anxious) might be explained by the time course of the effects: putatively pleasant effects appeared to peak earlier in the session (closer to the scan), while anxiety and nausea was most evident later (after scanning). Most importantly, the measures of subjective effects confirm that the drug produced detectable effects that were evident both before and after the scan. These effects are consistent with previous studies of OXY in healthy adults (Zacny and Gutierrez 2003) .
Our primary finding was that OXY decreased activity in response to happy faces in right OFC. The OFC is a part of the broader emotional network and is thought to be involved in regulation and self-monitoring of emotions (Beer et al. 2006) . The OFC may integrate hedonic information such as the magnitude of reward and punishment with other aspects of decision making (Kringelbach 2005) . It is difficult to determine the behavioral significance of the reduction in OFC activity to happy faces under 20 mg OXY, given that there were no accompanying differences in subjective response. However, for positive stimuli, activity in the OFC typically covaries with the value of the presented reward (Kringelbach 2005) . Thus, a decrease in OFC activity under OXY does not appear consistent with our hypothesis that OXY would increase positive responses to pleasant stimuli such as happy faces.
There are several possible explanations for the lack of OXY effects in our primary a priori emotional network areas and the unexpected decrease in OFC activity to positive stimuli. First, it is never possible to completely rule out the possibility that there are subtle positive drug effects that would be detectable with a larger sample of subjects. However, the effect size estimates we obtained from strong tests of our hypothesis about the effects of OXY on emotional brain areas were quite small, requiring prohibitively large sample sizes to detect and seeming unlikely to significantly impact real-world outcomes. In contrast, the subjective effects of the drug were strongly evident in our sample, indicating that it was appropriately sized to detect any reasonably robust drug effects. Finally, OXY did not significantly change any cardiovascular parameters. Thus, it seems unlikely that a true effect of OXY on brain responding was masked by non-specific changes in respiratory or cardiovascular factors. We did examine the possibility that only a subsample of individuals receive "beneficial" emotional effects of OXY, but we did not see support for the hypothesis that individual differences in behavioral responding were related to individual differences in the effect of OXY on our key emotional areas. It is important to communicate negative findings like these, given the widespread and influential idea that individuals use opiates to assuage emotional pain (Martins et al. 2012) . At a minimum, these results suggest that the effect of opiates on emotional processing is comparatively small, or perhaps even adverse, as suggested by our OFC findings.
A second potential explanation for these unexpected results is that OXY may differ critically from other opiate drugs. One point in favor of this argument is that we did not see strong main effects of the drug on areas previously identified as affected by other opiates under resting conditions (Becerra et al. 2006; Leppä et al. 2006; Wagner et al. 2001) . In these studies morphine produced resting state increases in activity in nucleus accumbens (Becerra et al. 2006) , while remifentanil increased activity in ACC using both PET (Wagner et al. 2001 ) and fMRI methodologies (Leppä et al. 2006) . As noted in the introduction, there is some controversy over whether OXY is primarily a mu opiate agonist or whether it acts on kappa receptors (Beardsley et al. 2004; Lemberg et al. 2009; Nielsen et al. 2007; Ross and Smith 1997) . The role of kappa receptors in regulating emotional responses is unclear, with some researchers arguing for a comparatively small involvement of this system in emotion (Filliol et al. 2000) , while others suggest that kappa agonists have anxiogenic and depressogenic effects (Bruijnzeel 2009) . If the emotional effects of kappa opioid agonists are in opposition to the mu opioid system, a mixed action of OXY on these systems might explain the inconsistent pattern observed here. To address this issue, it would be useful to test the effects of a "pure" mu agonist, such as morphine, on emotional responses during fMRI.
There were several limitations of this study. First, we used a limited range of OXY doses that were slightly below or at the therapeutic dose for analgesia. We chose these doses because they produce few adverse events in healthy volunteers. It is possible that higher doses of OXY might produce more pronounced effects on emotional functioning (although such doses would also likely produce greater non-specific effects as well, such as increased nausea and vomiting). Secondly, as noted above, by examining only healthy normal volunteers, we may have excluded individuals at higher risk for OXY abuse and dependence, including individuals with mood disorders and regular smokers. There is reason to believe that the addictive effects of opioids might be more pronounced in these at-risk populations (Martins et al. 2012; Zacny et al. 2013) . Further, effects of OXY may be different individuals with more prior exposure. Typically, opioids produce a "mixed" profile in drug-naive volunteers but primarily positive effects in drug-abusing volunteers (Walsh et al. 2008) . It is unclear whether this is due to preexisting differences in population or changes that occur over repeated OXY exposures. Third, OXY might show a higher abuse liability and more positive effects via an alternate route of administration from that tested here, such as intranasal (although oral is the most popular route of administration among individuals abusing OXY; Butler et al. 2011) . Fourth, our emotion system probes included only tasks with visual stimuli, and tasks with different demands, such as emotional recall, may engage different parts of the emotion system that we were not able to observe here (Phan et al. 2002) . Last, our study did not address nonemotional pain, so it is still possible that the effects of OXY on physical pain may contribute to OXY abuse and dependence.
In summary, the effects we observed, including increases in anxiety, combined with the lack of "beneficial" effects on neural systems involved in emotional processing, suggest that healthy adults are unlikely to be motivated to use OXY due to desirable emotional effects. It may be that the effects of OXY (and possibly opiates in general) on emotional functioning are smaller than most have anticipated, or it may be that OXY has specific pharmacological actions that differ from other opiates. These findings should inform future studies on the emotional effects of opioid agents and suggest the utility of examining alternate opioid analgesics (such as morphine) or alternate subject samples with more risk factors for opiate abuse.
